1 pyruvate + ATP. The enzyme from nonplant sources has been highly purified and studied extensively (3, 13, 14, 18, 23, 25) . All (3, 13, 14, 18, 23, 25) . Animal PKs can show very significant regulatory properties with both allosteric mechanisms and reversible protein kinase mediated phosphorylation, used to modulate the activity of the enzyme in vivo (3, 13, 14, 18, 23) .
In contrast, far less is known about plant PK. Although both plastid and cystosolic isozymes of PK have been isolated and partially characterized from several higher plant sources (2, 7, 8, 10-12, 15, 19, 24) , the general lability of the plant enzyme has thus far prevented its complete purification. Furthermore, no plant PK has yet been reported to exhibit the sophisticated regulatory properties characteristic of many non-plant PKs. Plant PKs, however, may be highly regulated in vivo. For example, on the basis of metabolite and radiotracer studies, Kobr and Beevers (16) (15, 19) . However, these authors could only achieve a partial purification. With the recent advances in protein purification technologies (HPLC, FPLC, fast flow ion-exchange and size exclusion resins, etc.) it is now feasible to completely purify, and thus more thoroughly characterize, relatively labile plant enzymes such as PK. The present communication describes the purification to apparent homogeneity of cystosolic PK from germinating castor bean endosperm and reports some of the purified enzyme's physical properties. The purification of this key glycolytic enzyme will now allow for the detailed examination of its regulatory, immunological, and structural properties.
MATERIALS AND METHODS
Chemicals and Plant Material. All biochemicals, coupling enzymes, molecular mass standards, ADP-agarose, acrylamide, bisacrylamide, and SDS were purchased from Sigma Chemical Co. All other chemicals were obtained from BDH Chemicals at the highest possible purity. Q-Sepharose, Mono-Q HR 5/5, Phenyl Superose HR 5/5, and Superose 12 HR 10/30 columns, as well as the FPLC system used to run these columns, were obtained from Pharmacia. All buffers used in the present study were degassed and adjusted to their respective pH at 23°C.
Seeds of castor bean (Ricinus communis L.; cv Hale) were obtained from Bothwell Enterprises, Plainview, TX. Prior to planting, the seeds were soaked in running tap water with constant aeration for 18 h. The soaked seeds were immersed in 10% Clorox solution for 5 min, then thoroughly rinsed in distilled water. Germination occurred at 30°C in sterilized vermiculite moistened with distilled water in light-proof incubators. After NAD+, 0.40 mg/ml nitroblue tetrazolium, 1.0 IU/ml hexokinase, and 1.2 IU/ml Leuconostoc mesenteroides glucose 6-P dehydrogenase followed by visualization of the enzyme band by the addition of 0.20 mg/ml phenazine methosulfate. Following staining for PK activity, gels were fixed in 5% acetic acid and stored in distilled water.
SDS-PAGE was performed using the discontinuous system of Laemmli (17) . Final acrylamide monomer concentration in the 1.5 mm thick slab gels was 4.5% (w/v) for the stacking gel and 10% (w/v) for the separating gel. All samples were preincubated in the presence of 1% (w/v) SDS and 5% (v/v) 2-mercaptoethanol for 20 min at 60°C. Gels were run with 90 V constant voltage applied for 16 h. Following electrophoresis, gels were stained for protein using Coomassie blue R. For the determination of subunit molecular mass using SDS-PAGE a plot of RF versus log molecular mass was constructed using the following standard proteins: ,B-galactosidase (116 kD), phosphorylase b (97.5 kD), BSA (66 kD), rabbit muscle PK (57 kD per subunit), ovalbumin (45 kD), and carbonic anhydrase (29 kD). Native Molecular Mass Determination. Molecular mass estimations were made on a Superose 12 HR 10/30 column using 50 ,ul sample volumes and 50 mM Pi (pH 7.0), 1 mM EDTA, 50 mM KCl, 5 mM MgC12, 0.1 mM PEP, and 2 mM DTE, and 25% glycerol as the column buffer. Fractions (0.25 ml) were collected with a flow rate of 0.25 ml/min and assayed for A280 or PK activity. The molecular mass of PK was determined from a plot of Kay (partition coefficient) versus log molecular mass for the standard proteins: appoferritin (443 kD), catalase (232 kD), rabbit muscle PK (228 kD), ADH (150 kD), BSA (66 kD), and ovalbumin (45 kD).
Protein Determination. Protein concentration was measured by the method of Bradford (4) min.
Q-Sepharose Chromatography. The clear supernatant was absorbed, at 2.5 ml/min, onto a column of Q-Sepharose (2.5 x 26 cm) which had been preequilibrated with buffer B. The column was washed with buffer B (650 ml), and then with buffer C until the A280 decreased to 0.05. The enzyme was eluted in a sharp peak following a step from 30 to 70 mm Pi (buffer C to buffer D) (fraction size = 22 ml). Pooled peak fractions were concentrated to 27 ml with an Amicon PM-30 ultrafilter. A solution of PEG (50% [w/v]) was added to the pooled peak concentrate to bring the final PEG concentration to 17% (w/v). The solution was stirred for 20 min and centrifuged as above. The pellet containing PK was resuspended in 12 ml of buffer E containing added leupeptin and chymostatin (5 ,ug/ml each) and centrifuged as above.
ADP-Agarose Chromatography. The supernatant was absorbed, at 0.6 ml/min, onto a column (1.5 x 5.6 cm) of ADPagarose which had been preequilibrated with buffer E. The column was washed with buffer E until the A280 decreased to 0.10 and PK eluted in a sharp peak with buffer E containing 5 mM Pi, 2 mM ADP, and 10% (v/v) glycerol (fraction size = 2.0 ml).
FPLC Mono-Q Chromatography. Pooled peak ADP-agarose fractions were absorbed, at 0.5 ml/min, onto a Mono-Q HR 5/ column which had been preequilibrated with buffer B. The column was washed with5 ml of buffer C and PK eluted with of buffer F and simultaneously increasing concentrations of buffer G. The enzyme eluted in a sharp peak following the step from 70 to 100% buffer G (30-0% buffer F) (fraction size = 1.0 ml). Figure 1 shows a typical elution pattern for the enzyme following hydrophobic chromatography on the Phenyl-Superose HR 5/5 column. Pooled peak fractions were divided into 250 gl aliquots, frozen with liquid N2, and stored at -80°C. The purified enzyme was stable for several months when stored frozen. Table I summarizes the purification of the enzyme. The enzyme was purified about 3100-fold to a final specific activity of about 200 units/mg and an overall recovery of 31%. In the absence of sulfhydryl reducing compounds the activity of the purified enzyme-showed poor linearity with respect to amount of enzyme assayed (Fig. 2) . However, the assay showed good linearity in the presence of 2 mm DTE (Fig. 2) , or 10 mm 2-mercaptoethanol (data not shown). Thus, DTE (2 mM) was routinely added to all PK assays.
Gel Electrophoresis. Nondenaturing electrophoresis of the final preparation with gel acrylamide concentrations of 5.5 or 7.5% (w/v) resulted in a single protein staining band which co-migrated with PK activity. Representative results are seen in Figure 3 (Fig. 4, lanes 7 and 8) . The molecular masses of the two bands were determined to be about 57 and 56 kD, respectively. If the single protein band present following nondenaturing PAGE was excised, equilibrated with SDS, and subjected to SDS-PAGE, both the 57 and 56 kD proteins were resolved and stained with about equal intensity (data not shown).
Native Molecular Mass Determinations. The native molecular mass of the enzyme as estimated by gel filtration of the final preparation on a Superose 12 HR 10/30 column was found to be 240 ±4.5 kD (n = 3; Fig. 5 ).
DISCUSSION
The present study reports the first ever purification to apparent homogeneity of a plant PK. Although glycerol (or ethylene glycol), Mg2+, and DTE afforded some stabilization of the enzyme during its extraction and purification, even in their presence, castor endosperm PK was very unstable when protein concentration decreased below about 0.4 mg/ml (WC Plaxton, unpublished data). FPLC effectively prevented any dilution of the enzyme during the latter stages of purification, when the total amount of protein was very low (TableI; Fig. 1 ). Consequently, there was little reduction in yield during the final two purification steps (TableI).
Endosperm tissue from developing or germinating castor beans is known to contain cytosolic and plastid isozymes of PK (7, 11, 20, 21) . Over 85% of germinating castor endosperm PK activity has been reported to be cytosolic (20, 21) . Plastid PK, but not cytosolic PK, from developing castor bean endosperm is inactivated by heating at 60°C for 3 min (11). These data indicate that the PK purified in the present study is probably the cytosolic isozyme. That the final enzyme preparation is homogenous is suggested by: (a) a final specific activity of 203 units/mg which is in the same range as the value for homogenous animal PKs (3, 14, 23) , and (b) a single protein staining band which comigrates with PK activity following nondenaturing PAGE (Fig.  3) . Nondenaturing PAGE of the final preparation resulted in a very poorly resolved protein staining band when precautions were not taken to remove residual persulfate present in the polymerized gel. Residual persulfate is known to promote electrophoretic artifacts when proteins with accessible oxidizable groups, such as sulfhydryl groups, are subjected to disc electrophoresis (5). Thus, both the structural, as well as catalytic (Fig. 2) , integrity of PK from germinating castor seed endosperm may be dependent on the maintenance of key sulfhydryl groups in a reduced state.
The native molecular mass of the purified enzyme was determined to be about 240 kD (Fig. 5) . This value is in the same range as those which have been reported for nonplant PKs (3, 13, 14, 18, 23, 25) . Two bands which stain for protein with equal intensity were observed when the purified castor bean enzyme was subjected to SDS-PAGE (Fig. 4) . These two protein staining bands could not be separated when the final preparation was chromatographed on a FPLC Superose 12 gel filtration column (WC Plaxton, unpublished data). The possibility that one of these bands did not move into the native gel was eliminated by excising the single band from a native gel and showing that after SDS-PAGE, two bands were still present. The presence of two bands, which had molecular masses of 57 and 56 kD, respectively, implies that castor endosperm PK is heterotetrameric. In contrast, all PKs purified to date from nonplant sources are homotetramers, with subunit molecular masses ranging from 50 to 70 kD (3, 13, 14, 18, 23, 25) . Despite the use of the protease inhibitors PMSF, leupeptin and chymostatin in the homogenization buffer (as recommended [1] ), the possibility exists that the 56 kD castor bean PK subunit is an artifact created by proteolytic cleavage of the 57 kD subunit. It is becoming increasingly evident that even minor proteolysis can have substantial effects on the catalvtic or regulatory properties of plant enzymes (9, 22) . Similarly, the kinetic behavior of animal PK can be significantly altered following mild proteolytic attack (13) . Thus, it will be important to confirm the subunit structure of castor endosperm PK before a detailed assessment of the purified enzyme's kinetic and regulatory properties is undertaken. If, indeed, this plant PK does contain 2 different subunits, then an intriguing problem will be the elucioation of their respective functional roles, in vivo.
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